Endonuclease V (EndoV) is an enzyme with specificity for inosines in nucleic acids. Whereas the bacterial homologs are active on both DNA and RNA, the mammalian variants only cleave RNA, at least when assayed with recombinant proteins. Here we show that ectopically expressed, as well as endogenously expressed human (h)EndoV, share the same enzymatic properties as the recombinant protein and cleaves RNA with inosine but not DNA. In search for proteins interacting with hEndoV, polyadenylate-binding protein C1 (PABPC1) was identified. The association between PABPC1 and hEndoV is RNA dependent and furthermore, PABPC1 stimulates hEndoV activity and affinity for inosine-containing RNA. Upon cellular stress, PABPC1 relocates to cytoplasmic stress granules that are multimolecular aggregates of stalled translation initiation complexes formed to aid cell recovery. Arsenite, as well as other agents, triggered relocalization also of hEndoV to cytoplasmic stress granules. As inosines in RNA are highly abundant, hEndoV activity is likely regulated in cells to avoid aberrant cleavage of inosine-containing transcripts. Indeed, we find that hEndoV cleavage is inhibited by normal intracellular ATP concentrations. The ATP stores inside a cell do not overlay stress granules and we suggest that hEndoV is redistributed to stress granules as a strategy to create a local environment low in ATP to permit hEndoV activity.
Deamination of adenosine (A) to inosine (I) is a reaction that occurs spontaneously in cells and is enhanced by exposure to nitrosative agents formed as a response to inflammation, infection, or from the environment (1, 2) . Both DNA and RNA as well as unincorporated (deoxy)ribonucleotides are subjected to deamination (3) . Inosine is read as guanosine (G) by cellular proteins, and in DNA this event is thus considered mutagenic (3, 4) . Consequences of adenosine deamination in RNA depend on which type and part of a transcript is deaminated and may result in altered coding, splicing, stability, and structure of an RNA or in intracellular relocalization (5) .
In addition to arbitrary deamination events, inosine is also introduced in RNA by specific enzymes in a highly regulated manner to increase transcriptomic diversity (6) . Responsible enzymes are the adenosine deaminases acting on RNA (ADARs) 2 that catalyze A to I editing on mRNA and non-coding (nc)RNA including long ncRNA, micro (mi)RNA and small interfering (si)RNA. A to I editing is abundant in higher eukaryotes and edited sites amount to more than 100 million and are spread over the majority of human genes (7) . Defective editing is linked to various human diseases including neurological disorders, infections, and cancer (8 -11) . Also some tRNAs undergo A to I editing at the anticodon wobble adenosine A 34 , a reaction that is catalyzed by adenosine deaminases acting on tRNA (ADATs) (12) . ADATs are homologs to the ADARs and their editing is essential for protein synthesis (12, 13) .
Until recently, no enzymatic activity specific for inosine in RNA was known. However, endonuclease V (EndoV), a well characterized protein for repair of inosines in DNA in Escherichia coli and some other bacteria (12, 14, 15) , turned out to also incise RNA with inosine (16, 17) . This applies also for human (h)EndoV, which in contrast to the bacterial variants, appears not to cleave at inosine in DNA or only with low efficiency (17, 18) . The reaction catalyzed by EndoV is cleavage of the second phosphodiester bond 3Ј to inosine in an Mg 2ϩ -dependent manner (15) . Cleavage of RNA was catalyzed with similar efficiencies for E. coli (Ec) EndoV and hEndoV, and kinetics were comparable with EcEndoV on DNA, suggesting that RNA is the preferred substrate for hEndoV (16, 17) .
Consistent with a substrate preference for RNA, cellular distribution of hEndoV is mainly cytoplasmic (19) . A robust in vitro activity for recombinant hEndoV has been demonstrated, however, the function of hEndoV at the cellular level is not yet known. To get insight into hEndoV biology, we have performed biochemical analyses of endogenous and ectopically expressed hEndoV and find the same inosine-RNA specificity. Moreover, we find that hEndoV interacts with polyadenylate-binding protein C1 (PABPC1) in vitro and that both proteins relocate to cytoplasmic stress granules in cultured human cells upon exposure to various toxic agents. We suggest that this is a mechanism for the cell to regulate hEndoV activity. . The authors declare that they have no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed. E-mail: ingrun.alseth@rr-research.no.
Results

Human EndoV Has Inosine-specific Ribonuclease Activity When Ectopically Expressed in Human Cells-Human
EndoV has been identified as a ribonuclease with specificity for inosine-containing RNA (16, 17) . As this result was obtained with recombinant enzyme purified from E. coli, we tested whether hEndoV showed the same catalytic activity when expressed in human cells. Stably transfected T-REx 293 cell lines with ectopic expression of FLAG-hEndoV and the catalytic inactive site-specific mutant D52A (17) were established. Cell-free cytoplasmic extracts (S100) were made and Western blot analyses revealed similar levels of expression for the two FLAG-hEndoV variants (data not shown). To test for activity, an RNA oligonucleotide (IIUI) corresponding to part of the ␣-tropomyosin mRNA known to be highly deaminated by ADARs (20) was used as substrate. In FLAG-hEndoVwt extracts, a robust cleavage was observed both with the single-and double-stranded IIUI substrates (Fig. 1A , upper and middle panels) demonstrating that hEndoV is active at inosines in RNA also when expressed in human cells. RNA without inosine was not cleaved by these extracts (Fig. 1A, lower panel) . As expected, the FLAGhEndoV(D52A) mutant was inactive toward the IIUI RNA substrates (Fig. 1A) . Inosine cleavage was not seen in extract from non-transfected T-REx 293 cells, indicating that endogenous hEndoV activity is absent or below the detection limit (Fig. 1A) . Use of higher amounts of extracts gave only unspecific degradation of the substrates (data not shown).
To assess hEndoV binding to substrate, electrophoretic mobility shift assays were performed. The EMSAs revealed weak shifts with the FLAG-hEndoVwt extracts with the singlestranded IIUI substrate (Fig. 1B, upper left panel) . For the FLAG-hEndoV(D52A) extract, strong bands were detected FIGURE 1. Activity and affinity for inosine-containing RNA for ectopically expressed FLAG-hEndoV. A, FLAG-hEndoVwt (hEVwt) and mutant D52A (hEVD52A) were overexpressed in T-REx 293 cells, protein extracts were prepared and assayed for activity toward ss-and dsRNA substrates containing multiple inosines (IIUI). Protein extract was also made from cells without any overexpression (T-REx). Increasing amounts of extracts were tested (10 -30-100 and 30 -100 ng for the T-REx extract) and recombinant (r)hEndoV ((r)hEV) (30 nM) was included as a positive control. An RNA substrate without inosine (dsCtr) was also tested. Cleavage products were analyzed on a 20% denaturing polyacrylamide gel. B, single-and double-stranded IIUI substrates (upper panels) as well as control RNA oligonucleotides (ss/dsCtr; lower panels) were incubated with FLAG-hEndoVwt and FLAG-hEndoV(D52A) protein extracts (1-2-4 g; 2-4 g for the T-REx extract) on ice. Recombinant (r)hEndoV (150 nM) was included as a positive control. Free and bound fractions were separated on native 10% polyacrylamide gels. Ϫ, no enzyme added. Middle panels: a fraction of the EMSA reactions with ss/dsIIUI were analyzed for cleavage by 20% denaturing PAGE as in A. (r)hEndoV assayed under condition for activity are positive controls for cleavage (most to the right).
demonstrating that the inactive D52A mutant makes more stable contacts with the inosine-RNA substrate than hEndoVwt. No binding of endogenous hEndoV (T-REx) was detected in EMSAs using the ssIIUI substrate (Fig. 1B, upper left panel) . With the double-stranded IIUI substrate, shifts were only seen with the FLAG-hEndoV(D52A) extract (Fig. 1B, upper right  panel) . Fractions of the EMSA reaction mixtures were run on denaturing gels to test for cleavage. No cleavage was detected even for recombinant hEndoV (Fig. 1B, middle panels) , demonstrating that the EMSA condition does not allow for hEndoV activity. Using control RNA substrates without inosine (ss/ dsCtr), no specific bands corresponding to hEndoV were seen, however, some unspecific shifts of lower mobility were visible in all three extracts at comparable levels, demonstrating the similarity of the extracts (Fig. 1B, lower panels) .
Endogenously Expressed hEndoV Cleaves Inosine-containing RNA-To identify potential activity of endogenous hEndoV (without overexpression), a larger amount of T-REx 293 cells were cultivated and a cytoplasmic (S100) protein extract prepared. The extract was run through a Superdex 75 column followed by ResQ and ResS chromatography ( Fig. 2A) . A corresponding extract from cells overexpressing FLAG-hEndoVwt was run in parallel and used for identifications of fractions rich in hEndoV as we assumed that FLAG-hEndoV and endogenous hEndoV have similar chromatographic properties. After ResS purification, the FLAG-hEndoV peak was identified and the corresponding fractions for the T-REx extract were tested. Cleavage products of similar size as those generated by FLAGhEndoV and recombinant hEndoV were found in ResS fractions 10 -14 when using the single-stranded IIUI substrate, demonstrating the endogenous hEndoV also has affinity for inosines in RNA (Fig. 2B) .
To verify that cleavage in Fig. 2B is executed by hEndoV, immunoprecipitations with a commercially available antibody as well as a monoclonal antibody raised against hEndoV were performed on peak fractions (Fig. 2, A and B) . The precipitated materials were subjected to Western blot analysis and probing with a polyclonal hEndoV antibody identified endogenous hEndoV in the fractions (Fig. 2C) . Recombinant hEndoV migrates slightly faster than the endogenous protein, which could be due to post-translational modifications not present in the recombinant version or alternatively that human cells express a different isoform. Human ENDOV mRNA is known to exist in numerous splice variants (19) .
As the IIUI substrates contain multiple inosines, several cleavage sites for hEndoV could exist. To obtain higher resolution, a sequencing gel was run where the single-and doublestranded IIUI substrates were run adjacent to RNA markers of known sizes. The gel revealed that for both endogenous and recombinant hEndoV, the preferred cleavage position was 3Ј to the middle insoine (I 10 ) with some nicking also next to the furthermost 5Ј inosine (I 9 ) especially for the double-stranded substrate (Fig. 2D ). It appears that expression both in human and E. coli cells give active and comparable hEndoV enzymes suggesting that there are no extensive post-translational modifications of hEndoV that are critical for enzymatic activity.
Initially EndoV homologs were characterized as DNA repair enzymes, however, recombinant hEndoV apparently does not share this property (16, 17) . We tested whether this was true also for hEndoV expressed in human cells. Activity assays revealed no cleavage of DNA with inosine, neither after overexpression nor with endogenously expressed hEndoV (data not shown).
Analysis of hENDOV mRNA Levels-Our data demonstrate that endogenous hEndoV is an inosine-specific ribonuclease that is expressed at a low level at least in the cell line used originating from kidney epithelium. However, expression levels of hENDOV mRNA do vary among different tissues as previously demonstrated by transcript profiling (19) . That work demonstrated expression of hENDOV in 12 different tissues where cervix, colon, and adrenal gland had low/no expression. Highest hENDOV transcript levels were found in pancreas and testis possibly suggesting a vital function for hEndoV in these organs.
We compared the amount of hENDOV mRNA in three different cell lines: T-REx 293 (kidney), HeLa (cervix), and HAP1 (myeloid) by qRT-PCR. The levels of hENDOV mRNA were normalized to GAPDH and tested for quality control by agarose gel electrophoresis (Fig. 3) . We found that both HeLa and HAP1 cells had significantly less hENDOV mRNA than T-REx 293 cells (about 50 and 20% of the levels of T-Rex, respectively; Fig. 3 ). Exposure of the cells to arsenite or nitrite did not significantly change the amount of hENDOV transcripts in either of the cell lines (Fig. 3 ). It appears that hENDOV mRNA levels vary between various cell lines and tissues, but the steady-state levels of the hENDOV mRNA are not altered in response to stress.
RNA-dependent Interaction between hEndoV and PABPC1-To learn more about the cellular function of hEndoV, we searched for protein partners interacting with hEndoV by coimmunoprecipitation (co-IP) experiments coupled to MS analysis. We used cytoplasmic extracts made from cells overexpressing the FLAG-hEndoV(D52A) mutant taking advantage of its more stable interaction with inosine-containing RNA (Fig.  1B) . MS analysis of the immunoprecipitated material revealed various ribosomal proteins as well as proteins known to be involved in different aspects of RNA metabolism (Table 1) . Among the hits, a protein that caught our interest was PABPC1, which is a protein that binds poly(A) tails of mRNAs and is involved in various aspects of RNA metabolism including regulation of mRNA translation and stability in the cytoplasm (21) . To verify the interaction, co-IP using anti-FLAG beads and the hEndoV(D52A) extract was repeated and the precipitated material subjected to Western blot analysis using an antibody against PABPC1. The co-IP confirmed the interaction between hEndoV(D52A) and PABPC1 (Fig. 4A, upper panel) . Co-IP with an extract with overexpressed FLAG-hEndoVwt also precipitated PABPC1, showing that the protein-protein interaction is not a consequence of the amino acid change introduced in D52A (Fig. 4A) . Given that both PABPC1 and hEndoV bind RNA, we next sought to determine whether the interaction was RNA dependent. Treatment of the extracts with RNase completely abolished co-IP of PABPC1 by both FLAG-hEndoVwt and D52A, demonstrating that the interaction relied on RNA (Fig. 4A, upper panel) . For the T-REx 293 extracts, co-IP gave a weak band for PABPC1, indicating some unspecific binding of PABPC1 to the anti-FLAG beads. Also this signal was lost by RNase treatment (Fig. 4A, upper panel) . Reprobing of the membrane with a hEndoV antibody confirmed that both FLAGhEndoVwt and D52A were precipitated (Fig. 4A, lower panel) .
To test if there is a functional interaction between hEndoV and PABPC1, recombinant proteins were purified and activity assays performed. The single-stranded IIUI substrate was incubated with a fixed amount of hEndoV (0.2 nM) and increasing amounts of PABPC1 (0.6 to 3.6 nM). Addition of PABPC1 stimulated hEndoV activity and a 3-fold molar excess of PABPC1 increased cleavage from 17 to 22%. With further addition of PABPC1, more cleavage was seen and with 20-fold excess of PABPC1 (3.6 nM), 32% of the substrate was incised (Fig. 4 , B and C).
PABPC1 consists of four RNA-binding domains (RRM1-4) followed by a linker and a conserved C-terminal MLLE domain (21, 22) . The RRM domains mediate circularization of mRNA required for protein translation, whereas the MLLE domain mediates binding to PABP-binding proteins. To identify specific regions involved in hEndoV interaction, the two domains RRM1-4 and MLLE were expressed separately in E. coli, purified, and tested in activity assays. The RRM1-4 protein stimulated hEndoV activity comparable with full-length PABPC1, whereas the MLLE domain had no effect (Fig. 4 , B, upper panel, and C). As controls, pure GST and BSA were included where none had effect on hEndoV activity. The highest amount of protein partners alone (3.6 nM) did not result in any cleavage (Fig. 4B, upper panel) .
To study potential effects on substrate binding, EMSAs were performed. Also here PABPC1 had a positive effect on hEndoV evident as stronger binding to the RNA substrate. Without PABPC1, 70 nM hEndoV shifted 15% of the substrate, which increased to 45% with a 10-fold excess of PABPC1 (700 nM) (Fig.  4B , middle panel, and C). A small increase in hEndoV binding was observed by addition of RRM1-4 and MLLE (33 and 31%), but the effect was not as strong as seen for full-length PABPC1. GST in 10-fold excess only had a marginal effect. 700 nM of the protein partners alone did not give any visible band shifts using the IIUI substrate (Fig. 4B, middle panel) . The EMSA conditions allowed only for substrate binding and not cleavage (Fig.  4B, lower panel) . No supershift indicative of a complex with both hEndoV and PABPC1 was observed, suggesting that the contact between the two proteins is weak or transient. In fact, Western blot analysis of the bound material only identified hEndoV in the shifts and not PABPC1 (Fig. 4D) . OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41
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hEndoV Colocalizes with PABPC1 in Stress Granules-PABPC1 and hEndoV both have a cytoplasmic localization in cells (17, 19, 23) . Previous research has shown that upon cellular stress, PABC1 accumulates in cytoplasmic granules referred to as stress granules (24) . These granules contain a selection of RNAs and proteins and are multimolecular aggregates of stalled translational pre-initiation complexes. They are formed in response to certain stress factors to temporarily reduce translation of housekeeping genes and optimize translation of stress-response genes with the aim to increase cell survival (25) . We tested for redistribution of hEndoV and possible colocalization with PABPC1 in stress granules in human cells by the use of a T-REx 293 cell line stably transfected with GFP-hEndoVwt. The cells were cultured in the presence of arsenite, which is the most commonly used inducer of stress granules (24) , and probed with antibodies against the stress granule marker G3BP (26) as well as PABPC1. Fluorescence microscopy showed that after arsenite exposure, hEndoV was found in discrete cytoplasmic foci overlapping with G3BP (Fig. 5A ). Whereas most of the G3BP proteins accumulated in stress granules, a substantial part of hEndoV remained evenly distributed in the cytoplasm. Merged images revealed that hEndoV staining overlapped with PABPC1 in stress granules indicating a connection between hEndoV and PABPC1 also in intact cells (Fig. 5A) .
To determine the degree of colocalization between the different proteins, Manders' coefficients (tM 1 and tM 2 Ϯ S.D.) were calculated. This analysis revealed that 55% of the hEndoVpositive pixels colocalized with the PABPC1-positive pixels (tM 1 ϭ 0.55) and opposite, 59% of the PABPC1-positive pixels overlapped with hEndoV-positive pixels (tM 2 ϭ 0.59) (Fig. 5C ).
The corresponding values for hEndoV and G3BP are tM 1 ϭ 0.52 and tM 2 ϭ 0.42.
To test another expression system, HEK 293T cells were transiently transfected with a vector expressing GFP-hEndoVwt. Also here GFP-hEndoV fusion proteins accumulated in arsenite-induced stress granules colocalizing with PABPC1 (tM 1 ϭ 0.25 and tM 2 ϭ 0.27) and G3BP (tM 1 ϭ 0.36 and tM 2 ϭ 0.36) (Fig. 5 , B and C). Also in HeLa cells, GFP-hEndoVwt was found in arsenite-induced stress granules (data not shown). In summary, our data suggest an RNA-dependent physical and functional interaction between hEndoV and PABPC1 in human cells.
Analysis of hEndoV-containing Stress Granules-Redistribution of hEndoV to stress granules was further elucidated, first by analyzing FLAG-tagged instead of GFP-tagged proteins. T-REx 293 cells stably expressing FLAG-hEndoVwt were exposed to arsenite and examined by fluorescent microscopy. The images showed that FLAG-hEndoVwt also was found in stress granules overlapping with both G3BP and PABPC1 (Fig.  6, A and E) . In the cytoplasm, closely associated with stress granules are processing bodies (P-bodies) involved in RNA degradation (27) . Cells were stained with the P-body marker Dcp1. FLAG-hEndoVwt staining did not overlap with the Dcp1 positive P-bodies, but were often seen juxtaposed (Fig. 6B) .
Stress granules are assembled in response to certain toxic agents and the protein/RNA composition may vary (27) (28) (29) . Arsenite generates oxidative stress and we expanded the analysis to include sodium nitrite (nitrosative stress). Nitrite exposure led to formation of stress granules in T-REx 293 cells and probing with a hEndoV-antibody confirmed sorting of hEndoV to the granules. Also here hEndoV colocalized with PABPC1 (Fig. 6, C and E) . Viral infections may also induce stress granules, and transfection of cells with long double-stranded RNA (poly(I:C)) can be used as a mimic (30) . Poly(I:C) transfection gave stress granules in a subset of cells not seen after mock (Fig. 6D ). These granules were fewer and bigger compared with those induced by arsenite treatment. Also the poly(I:C)-induced stress granules harbored hEndoV. For all treatments there was a substantial overlap between hEndoV and G3BP or PABPC1 (Fig. 6E) .
To evaluate the contribution of hEndoV activity to stress granule formation, FLAG-hEndoVwt and D52A expressing cells were cultured and prepared for microscopy. The inactive hEndoV(D52A) mutant was sorted similarly as the wild type enzyme with an even cytoplasmic staining in untreated cells and accumulation in stress granules upon arsenite exposure (Fig. 7, A and B) . Stress granules were quantified with respect to number and size and there were no differences in the assembly of stress granules between the two cell types (Fig. 7C) . To exclude possible contribution from endogenous hEndoV, a knock-out human cell line was established (HAP1 ENDOV Ϫ ). Also in these HAP1 cells lacking hEndoV, stress granules appeared similar as in the corresponding wild type cells (Fig. 7,  D and E) . Hence, hEndoV activity is not crucial for formation of stress granules. However, there was a tendency that the average size of the stress granules was smaller in the ENDOV Ϫ cells (Fig. 7E) .
Previous research has shown that two proteins linked to inosine-containing RNA, the ADAR1 and Tudor staphylococcal nuclease (Tudor-SN), also relocate to stress granules after arsenite treatment (31) . To test possible colocalization of these proteins with hEndoV, T-REx 293 cells overexpressing FLAGhEndoVwt were treated with arsenite and probed with antibodies against ADAR1 or Tudor-SN. ADAR1 is known to exist in two forms: a nuclear form (p110) that is constitutively expressed or an inducible cytoplasmic form (p150) (32) . The antibody used here detects both forms. We find colocalization of hEndoV with both ADAR1 and Tudor-SN in stress granules (Fig. 8, A-C) . ADAR1 is mainly nuclear, but upon arsenite FIGURE 4 . Interaction between hEndoV and PABPC1. A, protein extracts were made from T-REx 293 cells expressing FLAG-hEndoVwt and FLAGhEndoV(D52A). FLAG-hEndoVwt and D52A were isolated using anti-FLAG beads and co-precipitated material was separated by SDS-PAGE. Extract without hEndoV overexpression (T-REx) was used as control for unspecific binding to the beads and input represents the starting material (1.5 mg). Addition of RNase to the samples is indicated (Ϫ/ϩ). After blotting, the membrane was probed with a PABPC1 antibody (upper panel). The membrane was stripped and reprobed with a hEndoV antibody (polyclonal; in house)(lower panel). Gray lines are drawn to separate the three extracts. B, upper panel, (r)hEndoV (0.2 nM) was incubated with the single-stranded IIUI substrate and increasing amounts of PABPC1, RRM1-4, MLLE, GST (0.6 -1.8 -3.6 nM), or BSA (3.6 nM) and activity was measured by denaturing PAGE. Samples without (r)hEndoV (Ϫ) contained protein (3.6 nM) as indicated. Middle panel, (r)hEndoV (70 nM) was incubated with the singlestranded IIUI substrate and increasing amounts of the same proteins as above (70 -200-700 nM) or a fixed amount of BSA (700 nM) and a band shift assay was performed. Samples without (r)hEndoV (Ϫ) contained protein (700 nM) as indicated. Lower panel: a fraction of the EMSA reactions was analyzed for cleavage by 20% denaturing PAGE. C, cleavage and band shift in B was quantified in two-three separate experiments with two parallels in each. Error bars indicate S.D. D, yet another fraction of the EMSA reactions was run on a separate native EMSA gel, blotted onto a nylon membrane, and subjected to Western analysis. The membrane was probed first with PABPC1 antibody (upper panel) prior to hEndoV antibody (polyclonal, in house). OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 treatment weak accumulation in cytoplasmic stress granules is evident (Fig. 8A) . Tudor-SN is mainly cytoplasmic and after exposure to arsenite clear spots overlapping with stress granules are seen (Fig. 8B) . In contrast to the colocalization data, the co-IP experiment coupled with MS analysis did not identify Tudor-SN or ADAR1 as physical interacting partners of hEndoV (data not shown and Table 1 ). Treatment of the T-REx 293 cells with arsenite prior to extract preparation to induce stress did not change this. Furthermore, none of them were detected in Western blotting of the FLAG-hEndoVwt or D52A precipitated material using ADAR or Tudor-SN antibodies (data not shown). It might be that the proteins appear close to each other in stress granules without a direct interaction or alternatively, the interaction is too weak or transient to be detected in co-IP.
Regulation and Relocalization of hEndoV
hEndoV Activity Is Inhibited at Physiological Concentration of ATP-Formation of stress granules could be a strategy for the cell to create a local environment with a high concentration of related proteins, cofactors, or other supplements, and/or contrary, a way to exclude certain factors. Taken into account the abundance of inosines in RNA and the potent ribonuclease activity, hEndoV activity is most likely regulated to avoid uncontrolled degradation of inosine-containing RNA in the cell. For example, divalent ions (Mg 2ϩ /Mn 2ϩ ) are known cofactors critical for hEndoV cleavage. Among the other metabolites in the cells, ATP is abundant reaching millimolar concentrations in most cell types (33) . Furthermore, the intracellular ATP concentration is known to fluctuate and for example, under certain stress conditions, like oxidation and arsenite exposure, a large reduction is seen (34, 35) . Therefore, ATP was included in activity assays for hEndoV and intriguingly, 1 mM ATP almost completely inhibited hEndoV activity (Fig. 9A) . Titration experiments revealed a narrow window between 0.2 and 0.5 mM ATP where hEndoV activity was steeply reduced. Guanosine triphosphate (GTP), another purine nucleotide, as well as the pyrimidine nucleotide thymidine triphosphate (TTP) had a similar inhibiting effect on hEndoV activity (Fig.  9B ). It appears that it is not specific binding of the adenine base into the active site of hEndoV that causes the inhibiting effect. It could be that the phosphates bring in negative charge in the active site that disturbs the coordination of molecules necessary for catalysis. As ATP is 6 -10-fold more abundant in the cytosol than the other nucleotides (33) and FIGURE 6 . Induction of hEndoV-containing stress granules by various stress. A, T-REx 293 cells ectopically expressing FLAG-hEndoVwt were cultured in the absence or presence of arsenite (0.5 mM, 30 min) before processing for visualization of hEndoV (green) and G3BP (red) (left panels) or hEndoV (green) and PABPC1 (red) (right panels) or (B) hEndoV (green) and Dcp1 (red). C, T-REx 293 FLAG-EndoVwt cells were cultured in the presence of nitrite (200 mM, 1 h) or D, transiently transfected with poly(I:C) (500 ng, 7 h) and processed for imaging of hEndoV (green) and G3BP/PABPC1 (red). Mock-treated cells were also included. Nuclei were counterstained using DAPI (blue) and colocalization (yellow) is shown in Merge. Localization of proteins was observed by confocal microscopy (Leica SP8) using a ϫ40 oil objective. Bar, 5 m. E, Manders' coefficients for colocalization of hEndoV and G3BP (left columns) or hEndoV and PABPC1 (right columns). OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 known to fluctuate during stress, it could therefore have a master regulatory role.
We also tested the activity of endogenously expressed hEndoV (QFr6T-REx from Fig. 2A ) with ATP. The weak cleavage found in the T-REx 293 extract disappeared completely when ATP was added to the reaction mixture (Fig. 9C) . Inhibition with ATP was also seen for partly purified FLAG-hEndoV (QFr6FLAGEVwt) (Fig. 9C ). These results demonstrate that the cleavage at inosines seen in the T-REx 293 extract (Fig. 2) indeed is accomplished by hEndoV.
If inhibition of hEndoV by ATP also occurs in vivo, it means that under physiological ATP concentration, hEndoV is inactive given that ATP is evenly distributed throughout the cells. To get an impression of ATP storage in cells, T-REx 293 cells were cultured in media supplemented with fluorescently labeled ATP (BODIPY FL ATP). Cells were treated with arsenite to induce stress granules and prepared for microscopy. The images demonstrate that ATP is found throughout the cytoplasm with enrichment in specific vesicles not overlapping with the stress granules (Fig. 9D) . Hence, relocalization of hEndoV to stress granules could represent a way for the cell to create a local environment with reduced ATP levels allowing hEndoV to be active.
Discussion
In this study we demonstrate that hEndoV expressed in human cells, either endogenously or ectopically, shares the same inosine-RNA cleavage properties as recombinant hEndoV purified from E. coli. Furthermore, we show that the hEndoV activity is modulated by the ATP level and that exposure of cells to certain toxic agents results in redistribution to cytoplasmic stress granules. In stress granules, hEndoV colocalizes with PABPC1, which also physically and functionally interacts with hEndoV.
Analysis of RNA at single nucleotide resolution has identified several million positions where adenosine is deaminated to inosine (7). These are spread throughout most of the transcriptome, hence most transcripts are potential substrates for FIGURE 7 . Stress granule assembly is independent of hEndoV activity. A, T-REx 293 cells ectopically expressing FLAG-hEndoV(D52A) were cultured in the absence or presence of arsenite (0.5 mM, 30 min) before processing for visualization of hEndoV (green) and G3BP (red). Nuclei were counterstained using DAPI (blue) and colocalization (yellow) is shown in Merge. Localization of proteins was observed by confocal microscopy (Leica SP8) using a ϫ40 oil objective. Bar, 5 m. B, Manders' coefficients for colocalization of FLAG-hEndoV(D52A) and G3BP and C, the average number and size of stress granules per cell in A. Error bars represent the S.D. calculated from 20 randomly selected cells in each cell type. Stress granules were defined as G3BP foci measuring Ͼ0.1 m. Representative images are shown. D, stress granules were induced in HAP1wt and ENDOV Ϫ cells and analyzed as above (E).
hEndoV. To avoid uncontrolled degradation, hEndoV activity must be kept under strict regulation in the cell. Our data suggest that under normal intracellular ATP concentrations, hEndoV is inactive. Previous studies have demonstrated that in response to cellular insults such as methylnitronitrosoguanidine, arsenite, hydrogen peroxide, or menadione, intracellular ATP levels drop significantly, probably due to activation of poly(ADPribose) polymerase, which depletes energy stores in the cells (35) (36) (37) . Dependent on dose and exposure time, ATP stores may be reduced with 70 -80%, which gives an ATP concentration that alleviates hEndoV inhibition in vitro. An activation of hEndoV by such a mechanism makes sense, as these harmful agents, or at least some of them, introduce deamination damage to RNA, which indeed is a substrate for hEndoV. Redirection of hEndoV to stress granules after cellular insult could also help create a local environment with low ATP concentration allowing hEndoV to be active. Furthermore, formation of molecular aggregates such as stress granules is an efficient way to gather proteins and enzymes with related biochemical properties. Stress granules comprise stalled translational initiation complexes, small ribosomal proteins, mRNAs, and a collection of other proteins. The purpose is to temporarily suppress synthesis of housekeeping proteins to enhance translation of stress-response specific mRNAs to aid cellular recovery (38) . Also, stress granules serve as a site for storage and triage of selected mRNA and they are dynamically linked to processing bodies (P-bodies), which are granules involved in RNA decay (27) . A function for hEndoV in stress granules could be to initiate degradation of inosinecontaining mRNAs and funnel these transcripts to neighboring P-bodies. In this way reassembly of initiation complexes to polysomes to start translation of transcripts with damage is avoided. Accordingly, formation of stress granules after NaNO 2 exposure that contain hEndoV, appears beneficial as NaNO 2 induces deamination damage that is a substrate for hEndoV.
Yet another function of stress granules is to sequester certain proteins not to enhance their activity, but rather making them inaccessible. For example, signaling molecules (39) and apoptosis regulatory factors are redirected to stress granules with the proposed intention to inhibit apoptosis (40, 41) . In agreement with this, agents that induce stress granules are generally not very genotoxic. On the other hand, agents like methyl methanesulfonate, methylnitronitrosoguanidine, and UV radiation that cause severe DNA damage do not stimulate stress granule formation, but rather apoptosis is induced with the aim to eradicate damaged cells (41) . This could also be the situation for hEndoV; redistribution to stress granules removes hEndoV from the cytoplasm upon cellular stress to avoid cleavage of inosine-containing RNA when ATP levels drop.
Another protein, ADAR1, is also shown to be directed to stress granules after arsenite exposure (31) . An attractive model for degradation of specific mRNAs could be a concerted action of ADAR1 and hEndoV, where ADAR1 deaminates adenosines, which subsequently are cleaved by hEndoV. Our immunocytochemistry experiments revealed colocalization in stress granules, substantiating possible concerted action between hEndoV and ADAR1. However, in the co-IP experiments, we were not able to identify ADAR1 as an interacting partner of hEndoV. Furthermore, we neither detected Tudor-SN as a partner for hEndoV. A previous report shows that Tudor-SN stimulates hEndoV activity (16) and also that Tudor-SN degrades inosine-containing RNA (42) . Further experiments are needed to clarify possible cooperation between ADAR1, Tudor-SN, and hEndoV in selective degradation of inosine-containing RNA.
PABPC1 is an abundant protein in the cells involved in multiple aspects of mRNA processing and translation. We find an interaction between hEndoV and PABPC1 that is strictly RNA dependent. It could be that the RNA/PABPC1 (or RNA/ hEndoV) complex rather than the pure protein is recognized. However, we cannot exclude the possibility that the RNA only functions as a carrier of both proteins. In an attempt to map any direct interaction, we performed pulldown experiments with recombinant proteins. Unfortunately, both hEndoV and FIGURE 8. ADAR1 and Tudor-SN colocalize with hEndoV in stress granules. T-REx 293 cells ectopically expressing FLAG-hEndoV were cultured in the presence or absence of arsenite (0.5 mM, 30 min). Subsequently, cells were fixed and immunofluoroscence experiments were performed using hEndoV (green) and (A) ADAR1 (red) or (B) Tudor-SN (red) antibodies. DRAQ5 (blue) was used to counterstain nuclei, and colocalization (yellow) is shown in Merge. Localization of proteins was observed by confocal microscopy (Zeiss) using a ϫ63 oil objective. OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 PABPC1 were very sticky and we were not able to remove unspecific binding to the beads making the results unreliable (data not shown). The association between hEndoV and PABPC1 identified in co-IP did not depend on arsenite treatment, suggesting that the two proteins are close also under noninduced conditions. This is evident by the cytoplasmic staining of both proteins in untreated cells (Figs. 5 and 6 ). However, microscopic analysis did not reveal specific overlap until the cells were exposed to arsenite. PABPC1 is previously shown to aggregate in stress granules, but is not critical for stress granule assembly as shown for TIAR and G3BP (25, 43, 44) . A role for PABPC1 could be to target hEndoV to stress granules, either for sequestering or to bring hEndoV to an environment allowing activity. As PABPC1 stimulates hEndoV activity, we favor the last hypothesis (21, 22) . Further analyses of mutated or truncated versions of these proteins are needed to directly map domains involved in the interaction.
Regulation and Relocalization of hEndoV
Experimental Procedures
Cell Lines, Culturing, and Transfection
Flp-In T-REx 293 cells were from Invitrogen (hereafter referred to as T-REx 293), whereas HeLa S3 (human cervix epithelial cells) and HEK 293T cells were purchased from American type Culture Collection (ATCC).
Stable Cell Lines with Wild Type (wt) FLAG-hEndoV-FLAG-hEndoV open reading frame (ORF: CCDS54172.1/ NP_775898) was PCR amplified from pCMV-Tag2-hEndoVwt (synthesized by GenScript) and cloned into pcDNA 5/FRT/TO vector (Invitrogen) using KpnI and NotI restriction sites. The pcDNA 5/FRT/TO-FLAG-hEndoVwt construct was verified by DNA sequencing. For generation of stable expression clones T-Rex 293 cells were co-transfected with pcDNA 5/FRT/TO-FLAG-hEndoVwt and pOG44 (Invitrogen) using X-tremeGENE 9 DNA transfection reagent (06365787001, Roche Applied Science) and cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Sigma), 1ϫ GlutaMAX (Gibco), 1ϫ penicillin-streptomycin (Lonza), and 7.5 g/ml of blasticidin (R210-01, Life Technologies) for 48 h. Cells were then fed with selection medium (DMEM with supplements as above and 200 g/ml of hygromycin B (400052-20, Life Technologies) for 3-4 days (media refreshed after 24 h), until colonies were formed. After hygromycin B selection, the colonies were pooled FIGURE 9. ATP inhibits hEndoV activity. A, recombinant hEndoV (3 nM) was incubated with increasing amounts of ATP (0.1-1 mM) and activity toward the double-stranded IIUI substrate was analyzed. Reaction products were separated by denaturing PAGE. B, recombinant hEndoV (2 nM) was incubated with nucleotides as indicated, activity was analyzed as in A and cleavage was quantified. C, partly purified endogenous hEndoV (QFr6T-REx) and overexpressed FLAG-hEndoV (QFr6EVwt) after Resource Q chromatography were diluted as indicated and assayed for activity toward singlestranded IIUI with or without ATP (1 mM). Dilution factors are indicated. Ϫ, no enzyme added. D, T-REx 293 cells were incubated with BODIPY FL ATP (20 M, 3 h), treated with arsenite (0.5 mM, 30 min), and prepared for confocal microscopy. Cells were stained with G3BP (red) antibody for stress granules and DAPI (blue) for visualization of the nuclei. BODIPY FL ATP is green. The merge images are an overlay of all three stains. Confocal images are acquired by a ϫ40 oil objective (Leica SP8). Bar, 5 m.
and screened for tetracycline-regulated expression of FLAG-hEndoVwt.
Stable Cell Lines with EGFP-hEndoVwt-The hEndoV ORF was released from pGFP-hEndoVwt (19) by ApaI and EcoRI restriction digestion and cloned into pENTR2B vector (Gateway, Life Technologies) in the EcoRI restriction site. The hEndoV ORF was then transferred to pDest-FRT/TO-EGFP (referred to as GFP hereafter) vector (45) by Gateway LR clonase reaction. The pDestEGFP-Flp-In-FRT/TO-hEndoVwt construct was confirmed by DNA sequencing and used for transfection of T-REx 293 cells to generate stable cell lines.
Stable Cell Lines with FLAG/GFP-hEndoV(D52A)-pcDNA 5/FRT/TO-FLAG-hEndoV(D52A) or pDest-FRT/TO-EGFPhEndoV(D52A) constructs were made by QuikChange II Site-directed Mutagenesis Kit (Aglient) according to the manufacturer's instructions using pcDNA 5/FRT/TO-FLAGhEndoVwt or pDest-FRT/TO-EGFP-hEndoVwt as template and primers CAGAGGGTCGGGGGCGTTGCTGTGTCCT-TCGTGAAAGGGG and CCCCTTTCACGAAGGACACAG-CAACGCCCCCGACCCTCTG. Stable cell lines were generated as described for FLAG-hEndoVwt.
Establishment of hENDOV Knock-out Cell Line-A hENDOV knock-out cell line was purchased from Horizon Genomics, established using the CRISPR/Cas9 system in a near-haploid human cell line (HAP1) derived from a patient with chronic myelogenous leukemia. Two hENDOV knock-out clones were obtained bearing a frameshift mutation caused by a 2-bp deletion in exon 2. The mutations were verified through PCR and Sanger sequencing by the manufacturer.
Transient Transfection-HEK 293T cells were transiently transfected with EGFP-hEndoV (19) and EGFP N-vectors (Clontech) using X-tremeGene 9 DNA tranfection agent according to the manufacturer's protocol.
Human cells (except HAP1 cell lines) were cultured in DMEM supplemented as described above and kept at 37°C, and 5% CO 2 . In addition, 7.5 g/ml of blasticidin and 200 g/ml of hygromycin B or 100 g/ml of Zeocin (R250 -05, Life Technologies) were added in culturing media for all T-REx 293 cell lines according to the Flp-In TM T-REx TM manual. To induce FLAG-or GFP-hEndoV expression, to the cultures we also added 1 g/ml of tetracycline (87128, Sigma) or 1 g/ml of doxycycline (D6750, Sigma), for 24 to 48 h. The HAP1 cell lines were cultured in IMDM (Gibco) with 10% FBS and 1ϫ penicillin/streptomycin.
For experiments on localization of ATP stores, cells were incubated with 20 M BODIPY FL ATP (12410, Life Technologies) for 3 h prior to fixation. BODIPY FL ATP excitation was 488 nm and an emission wavelength of 500 -550 nm. For stress granule formation, cells were either exposed to 0.5 mM sodium arsenite (Sigma; hereafter referred to as arsenite) for 30 min or 200 mM sodium nitrite (NaNO 2 , Merck) in 0.1 M sodium acetate, pH 5.5, for 1 h. For polyinosinic-polycytidylic acid (poly(I: C); P9582, Sigma) transfection, cells were pre-treated with Lipofectamine 2000 Transfection Reagent (11668-019, Life Technologies). Cells were fixed 7 h after adding poly(I:C) and Lipofectamine alone was used in mock transfections. To induce stress granules, 500 ng of poly(I:C) was used. Vectors expressing GFP-hEndoV (19) and GFP alone were transiently transfected in HeLa cells using X-tremeGENE.
RNA Analysis
Total RNA was isolated from T-REx 293, HeLa S3, and HAP1 cells, with and without exposure to arsenite or nitrite as above, using TRIzol reagent (15596, Life Technologies) according to the manufacturer's instructions. The quality of the RNA was checked by formaldehyde-agarose gel electrophoresis and Bioanalyzer 2100 (Agilent). All samples had RNA Integrity numbers between 9 and 10. cDNA was generated from 1 g of total RNA using the Quantitect Reverse Transcription Kit (205313, Qiagen). Human ENDOV mRNA levels were determined by qRT-PCR using primers amplifying exons 2 to 3 (200 nM), Power SYBR Green PCR master mix (A25778, Life Technologies), and the Step One Plus Real-time PCR system (Applied Biosystem) according to the kit and system instructions. All samples were run in duplicates/triplicates and melting point analyses were performed to confirm the specificity of the PCR. The glyceraldehyde-3-phosphate dehydrogenase gene (hGAPDH) was used as the reference gene for normalization, and untreated HeLa S3 RNA was used to generate standard curves. The qRT-PCRs were repeated 6 times using cDNA from three independent experiments. Primers used are listed in Table 2 .
Immunofluorescence and Antibodies
Cells were grown on 12-mm fibronectin-coated (20 g/ml, F1141; Sigma) coverslips until 70 -80% confluence and exposed to the appropriate stress as indicated. Cells were washed in PBS, before fixation in 4% paraformaldehyde in PBS for 15 min. After washing in PBS, cells were quenched in PBS, 0.1 M glycine for 10 min, permeabilized in PBS, 0.1% Triton for 10 min, and incubated in blocking buffer (PBS, 0.5% bovine serum albumin (BSA)) for 30 min. All subsequent labeling steps were performed in blocking buffer. Cells were incubated for 1 h with primary antibodies against hEndoV (ab69400; Abcam), G3BP (611126; BD Biosciences), PABPC1 (ab21060; Abcam), Dcp1 (ab4781; Abcam), Tudor-SN (sc-166676; Santa Cruz), or ADAR1 (sc73408; Santa Cruz). In addition, two different hEndoV antibodies were raised using recombinant hEndoV (purified as described in Vik et al. (17) ) as immunogenes: monoclonal (supernatant from hybridoma cells) and polyclonal hEndoV (affinity purified rabbit serum). Both antibodies were detected down to 10 ng of recombinant hEndoV and gave no background signals when up to 250 g of T-REx cell extracts were analyzed by SDS-PAGE (data not shown). Specific signals for endogenous hEndoV was not seen using 25-250 g of extract, indicating a low endogenous level of hEndoV (data not shown). However, ectopic expression of hEndoV gave a signal in Western blot analysis (data not shown). Cells were washed in PBS, and further incubated for 1 h with Alexa 488-, 594-, or 647-conjugated anti-mouse or anti-rabbit IgG antibodies (Life Technologies) for detection. After washing with PBS, nuclei were stained with DAPI (D1306; Life Technologies) or DRAQ5 (DR50050; Biostatus) and coverslips were mounted with Mowiol (475904; Sigma). Confocal images were acquired with Carl Zeiss LSM 510 CLSM laser scanning microscope with a Regulation and Relocalization of hEndoV OCTOBER 7, 2016 • VOLUME 291 • NUMBER 41 ϫ63/1.1 NA oil immersion objective (Jena, Germany), or Leica TCS SP8 equipped with a ϫ40/1.3 NA oil immersion objective using ϫ6 zoom. Representative images are shown.
Quantification of Colocalization
To determine the degree of colocalization, Manders' coefficients (tM) were calculated using the Costes' thresholding method and Coloc2 plugin in ImageJ/Fiji on background-corrected images. In our analysis tM 1 expresses the degree of colocalization of the green channel with the red/cyan channel. tM 2 expresses the degree of colocalization of the red/cyan channel with the green channel. Each tM value represents the average tM calculated for 9 -12 cells from separate experiments and is accompanied by the corresponding S.D.
Quantification of Stress Granules
To quantify the number and size of the stress granules in each cell, 20 cells from each cell line were randomly selected. The occurrence of stress granules was determined on the basis of G3BP staining. Image analyses and quantification of stress granules (size Ͼ0.1 m) were performed using ImageJ/Fiji software. All images are taken in one Z-plane in a similar position within the sample for comparison.
Preparation of Cytoplasmic (S100) Extracts S100 extracts were prepared according to Mayeda and Krainer (46) . Cells were cultured to ϳ80% confluence, harvested, and washed with ice-cold PBS twice. After centrifugation (1,800 ϫ g, 5 min), cells were resuspended in 5 cell pellet volumes of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and protease inhibitor mixture (PIC, P8340, Sigma)). Cells were incubated for 10 min on ice before centrifugation as above. The supernatant was transferred to new tubes and 0.11 volumes of buffer B (300 mM HEPES, pH 7.9, 1.4 M KCl, and 30 mM MgCl 2 ) was added. The lysate was centrifuged (21,500 ϫ g, 1 h, 4°C) and the cleared lysate dialyzed against buffer C (20 mM HEPES, pH 7.9, 5% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT; MWCO 6,000 -8,000) overnight at 4°C. S100 extracts were used for purification of endogenous hEndoV.
Preparation of Cytoplasmic Extracts for Co-IP
Cells were cultured and centrifuged as above, and resuspended in 1 cell pellet volume of lysis buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES, pH 7.0, 0.5% Nonidet P-40, 1 mM DTT, 100 units/ml of RNaseOUT (10777-019, Thermo Fisher Scientific), 400 M vanadyl ribonucleoside complex (S1402S, New England BioLabs), and PIC). The cell suspension was incubated on ice (5 min) and frozen at Ϫ80°C for a minimum of 24 h.
After thawing, the cell suspension was cleared by centrifugation (15,000 ϫ g, 15 min) and the lysate collected.
Co-immunoprecipitation
10 l of Anti-FLAG M2 magnetic beads (M8823, Sigma) were washed twice with NT2 buffer (1 ml, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.5% Nonidet P-40) and beads were collected with a magnetic rack. Beads were resuspended in NT2 and 1.5 mg of lysate, EDTA (20 mM), DTT (1 mM) was added and the volume adjusted to 1 ml with NT2. Reactions were added 200 units of RNaseOUT and 400 M vanadyl ribonucleoside complex, except those treated with RNase. The lysate beads suspensions were incubated overnight at 4°C with gentle agitation before unbound material was removed. Beads were resuspended in 1 ml of NT2 with 300 mM NaCl and 100 ng of RNaseA (Sigma) if RNase treated. RNaseA-treated samples were incubated at 37°C for 15 min, with gentle agitation. All samples were washed (4ϫ NT2 with 300 mM NaCl) and either 150 l of 1ϫ PBS (for mass spectrometry (MS) analysis) or 20 l of 2ϫ Laemmli buffer (Bio-Rad) for Western blot analysis were added. After denaturation at 95°C for 5 min, proteins were separated by PAGE (10%, Mini-PROTEAN, Bio-Rad), transferred to PVDF membranes (Bio-Rad), and the membranes blocked with PBS with 0.05% Tween 20 (PBS-T) and 5% skimmed milk (1 h, room temperature). After incubation with primary antibody (PABPC1, ab21060, Abcam, and rabbit hEndoV, polyclonal in house) in PBS-T with 5% skimmed milk (1 h, room temperature), the membranes were washed (3ϫ 10 min) with PBS-T prior to incubation with secondary antibody (rabbit IgG, horseradish peroxidase (HRP)-linked whole antibody, GE Healthcare) for 1 h and washing as above. Substrate (SuperSignal TM West Femto, Thermo Fisher Scientific) was added and the signals were analyzed with Image Lab TM version 5.1 software from Bio-Rad.
Immunoprecipitation of Endogenous hEndoV
Fractions 9 and 12-15 (0.5-ml fractions) from Resource S (ResS) chromatography (see below for purification procedure) were pooled and diluted to 3.6 ml with 10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, and 0.5% Nonidet P-40, to reduce the total salt concentration. The suspension was divided in two and 2 g of hEndoV antibody added (monoclonal in house or polyclonal ab69400, Abcam). The protein-antibody suspensions were incubated (4°C, overnight) with gentle agitation. 20 l of Protein A/G PLUS-agarose (sc-2003, Santa Cruz Biotechnology) was added and incubated for another hour. The immunoprecipitates were harvested by centrifugation at 1000 ϫ g for 3 min and washed 3 times with 10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, and 0.5% Nonidet P-40. The samples were separated by PAGE (10%) and Western blot analysis was performed as described above, with mouse IgG, HRP-linked whole antibody (GE Healthcare) as secondary antibody.
Partial Purification of Endogenous hEndoV
As the endogenous level of hEndoV is below the detection limit in activity and Western blot analysis, an extract with overexpression of FLAG-hEndoV was used as a guide during purification for selection of fractions with endogenous hEndoV. We assume that these two proteins have similar chromatographic properties. S100 cytoplasmic cell-free extracts were made from ϳ2ϫ10 9 T-REx 293 cells with and without overexpression of FLAG-hEndoV. The extracts were run on a Superdex 75 column in buffer C (see "Preparation of Cytoplasmic (S100) Extracts"). Activity and Western blot analysis identified the FLAG-hEndoV peak in fractions 5-7 (no activity was found for T-REx extract). Fractions 6 and 7 were kept separately and diluted to reduce the KCl concentration to 50 mM and loaded on a Resource Q (ResQ) column. Proteins were eluted with a salt gradient (buffer C ϩ 1 M KCl). Analyses of the ResQ fractions showed that for fraction 6 from Superdex 75, hEndoV bound weakly to ResQ, whereas for Superdex fraction 7, hEndoV appeared in the flow-through. This difference is likely due to different ionic strengths in the two fractions. The ResQ flowthrough (from fraction 7) was run on a ResS column and eluted with buffer C with 1 M KCl.
Purification of Recombinant Proteins
Human EndoV was purified as previously reported (17) after expression in a modified version of E. coli ER 2566 (ER2566 ⌬nfi ⌬rnhB) where the endogenous nfi and rnhB genes had been inactivated by transformation with the kanamycin-deletion cassettes. 3 The PABPC1 reading frame (NP_002559.2; codon optimized for expression in E. coli) was cloned into the NcoI and XhoI sites of pET28b in-frame with the C-terminal His tag (GenScript). The PABPC1 open reading frame is 1911 nucleotides and translates into a protein of 636 amino acids with a calculated molecular mass of 70.7 kDa. pET28b-PABPC1 was transformed in the ER2566 ⌬nfi ⌬rnhB strain and cells were grown in Lysogeny broth (LB) medium with kanamycin (50 mg/liter) at 37°C until A 600 reached 0.4 -0.5. The temperature was lowered to 16°C, protein expression was induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside, and cells were incubated at 16°C overnight. Cells were harvested by centrifugation, and the cell pellet dissolved in sonication buffer (buffer D: 50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 10 mM ␤-mercaptoethanol (␤-ME)). Cells were sonicated (3 ϫ 30 s) followed by centrifugation (13,000 rpm, 30 min). The extract was applied to a nickel-nitrilotriacetic acid-agarose column and after washing with buffer D with 50 mM imidazole, His-PABPC1 fusion protein was eluted using 300 mM imidazole in buffer D. Two PABPC1 deletion constructs were made (GenScript): one expressing the N-terminal RNA binding motifs (RRM1-4 amino acids 1-370, M r 41.6) and one for the C-terminal MLLE domain (amino acids 498 -636, M r 14.9). The RRM1-4 construct has a C-terminal His tag, whereas the MLLE construct has an N-terminal GST tag giving a fusion protein with a predicted mass of 41 kDa. Both proteins were expressed as described for full-length PABPC1. His-RRM1-4 was purified with nickel-nitrilotriacetic acid-agarose as above following Superdex 75 chromatography in buffer D (omitting imidazole). GST-MLLE was purified with glutathione-Sepharose 4B according to the manufacturer's recommendations (GE Healthcare). For all proteins, peak fractions were pooled, glycerol was added to 20%, and stored at Ϫ80°C.
Activity and Electrophoretic Mobility Shift Assays
Oligonucleotide substrates were from Eurofins (DNA) and Midland Certified (RNA) ( Table 3 ). The oligonucleotides were end-labeled using T4 polynucleotide kinase (New England Biolabs) and [␥-
32 P]ATP (3000 Ci/mmol, Amersham Biosciences). Double-stranded (ds) substrates were generated by annealing the labeled single-stranded (ss) oligonucleotide to a complementary strand. 10 l of reaction mixture contained 1 nM substrate, the amount of enzymes as indicated, and the reaction buffer (10 mM Tris-HCl, pH 7.5, 0.5 mM MnCl 2 , 50 mM KCl, 1 mM DTT, and 5% glycerol). Reactions proceeded at 37°C for 20 min and were stopped by adding 10 l of formamide loading dye (80% formamide, 10 mM EDTA, 0.1% xylene cyanol and bromphenol blue). The oligonucleotides were denaturated at 52°C for 2 min, and the reaction products were separated on 20% polyacrylamide/urea gels at 200 V for 1 h in 1ϫ taurine buffer. The radiolabeled fragments were visualized by phosphorimaging (Typhoon 9410 Variable Mode Imager) and ImageQuant TL was used for quantification. All assays were performed 2-3 times and representative experiments are shown.
In electrophoretic mobility shift assays (EMSA), enzymes (0.25-1 M) and substrates (1 nM) were mixed in band shift buffer (40 mM Tris-HCl, pH 8.5, 10 mM CaCl 2 , 10 mM DTT, 6% glycerol). tRNA (1 ng/l) was included as a competitor. Samples were incubated on ice for 15 min, DNA loading buffer (Thermo Scientific) was added prior to separation on 10% native polyacrylamide gels in 1ϫ taurine with 5 mM CaCl 2 at 100 V for 40 min in room temperature. The enzyme-substrate complexes were visualized as above. 
